Conversion of gaseous nitrogen dioxide to nitrate and nitrite on aqueous surfactants by Kinugawa, Takashi et al.
5144 Phys. Chem. Chem. Phys., 2011, 13, 5144–5149 This journal is c the Owner Societies 2011
Cite this: Phys. Chem. Chem. Phys., 2011, 13, 5144–5149
Conversion of gaseous nitrogen dioxide to nitrate and nitrite
on aqueous surfactants
Takashi Kinugawa,a Shinichi Enami,b Akihiro Yabushita,a Masahiro Kawasaki,a
Michael R. Hoﬀmannb and Agustı´n J. Colussi*b
Received 13th August 2010, Accepted 7th January 2011
DOI: 10.1039/c0cp01497d
The hydrolytic disproportionation of gaseous NO2 on water’s surface
(2 NO2 + H2O- HONO + NO3
 + H+) (R1) has long been deemed to play a key, albeit
unquantiﬁable role in tropospheric chemistry. We recently found that (R1) is dramatically
accelerated by anions in experiments performed on aqueous microjets monitored by online
electrospray mass spectrometry. This ﬁnding let us rationalize unresolved discrepancies among
previous laboratory results and suggested that under realistic environmental conditions (R1)
should be aﬀected by everpresent surfactants. Herein, we report that NO2(g) uptake is
signiﬁcantly enhanced by cationic surfactants, weakly inhibited by fulvic acid (FA, a natural
polycarboxylic acid) and anionic surfactants, and unaﬀected by 1-octanol. Surfactants appear to
modulate interfacial anion coverage via electrostatic interactions with charged headgroups. We
show that (R1) should be the dominant mechanism for the heterogeneous conversion of NO2(g)
to HONO under typical atmospheric conditions throughout the day. The photoinduced reduction
of NO2 into HONO on airborne soot might play a limited role during daytime.
Introduction
Nitrogen dioxide is largely produced in the atmospheric oxidation
of the nitric oxide emitted by high-temperature combustion
sources. Increasing amounts of primary NO2 are being released
into urban air by vehicles ﬁtted with carbon particulate abatement
devices.1 In the standard photochemical smog mechanism, NO2 is
photolyzed within minutes (R2) and regenerated in a circuitous
cycle that produces OH-radicals via the short-wavelength photo-
lysis of ozone in the presence of water (R3).2,3 The conversion of
NO2 to HONO along (R1) triggers instead an alternative cycle in
which OH-radicals are directly generated via (R4). The large ratio
of photolysis frequencies J(HONO)/J(O3) E 15,
4,5 actually
makes (R1) + (R4) part of a faster cycle than that proceeding
through (R2) + (R3), particularly at high solar zenith angles.
Also notice that if NO2 were exclusively consumed via (R1), the
oxidation of volatile organic compounds (VOC) would take place
without O3 production.
2 NO2 + H2O(l)- HONO + NO3
(aq) + H+(aq) (R1)
NO2 + hnlo400 nm (+O2)- O3 + NO (R2)
O3 + hnlo315 nm (+H2O)- 2 OH + O2 (R3)
HONO + hnlo405 nm- OH + NO (R4)
The chemical consequences of its rapid photolysis suggest that
the signiﬁcance of HONO exceeds that expected from its relative
low abundance: f-HONO = [HONO]/[NO2]o 0.1.2,6,7 Current
tropospheric chemistry models indicate that ozone mixing ratios
are about three times more sensitive to HONO than to NO2
inputs: q[O3]/q[HONO]E 3 q[O3]/q[NO2].
1
Despite much work, the sources of tropospheric HONO
remain speculative.8–12 Field measurements consistently
point to a dominant role for thermal (dark) heterogeneous
reactions because f-HONO peaks at nighttime and is strongly,
positively correlated with particulate matter, PM, and
relative humidity, RH, levels.2,8,13–19 Possible mechanisms
include: (A) the reduction of NO2(g) by labile, surface-bound
H-atom donors9,20 (exothermic H-atom transfers are possible
from X–H donors having low bond dissociation energies
BDE(X–H) o BDE(ONO–H) = 79 kcal mol1, such as
those of b-bonds in free radicals),21,22 (B) the bimolecular dis-
proportionation of NO2 on wet surfaces (R1).
23 The large and
lingering discrepancies (up to four orders of magnitude)10,18,23–33
among laboratory measurements of NO2 uptake coeﬃcients ‘‘on
water’’, gwater, has turned attention to airborne particles that
could support pathway (A), such as soot and dust.12,16,20,34–50
Since HONO emissions from soot exposed to NO2 decay rapidly
in the dark51 and cease immediately after illumination,34,52 signiﬁ-
cant HONO production at nighttime still calls for a thermal
process of type (B) that would operate throughout the day.
Schwartz et al., at variance with previously held assumptions,10
had found that the reactive dissolution of low-pressure NO2(g)
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on pure water follows second-order kinetics in [NO2(g)], has
therefore a very low probability (about one in ten million
NO2/water collisions) and would not contribute signiﬁcantly
to HONO production on cloud or aerosol droplets under
atmospheric conditions.26,53 ‘‘Catalysis’’ by reactive species,
such as transition metal ions, various types of natural organic
matter and iodide, was considered,32 but found to have
minimal impact on (R1).26 Subsequent measurements of
NO2(g) uptake by NaCl-seeded droplets in a cloud chamber
led tomuch larger (up to 104 times) (R1) reaction probabilities.24,25
These conﬂicting results were ascribed to mass transfer
artifacts,23,25 rather than to the obvious fact that cloud chamber
droplets were 1–3 mM aqueous NaCl rather than pure water
and, hence, that the two studies were not strictly comparable.
In the absence of a clear rationale for the discrepancy the
notion that (R1) is too slow at (low) atmospheric NO2
concentrations eventually settled in the ﬁeld. Since the free
radical NO2(g) is eﬃciently trapped as radical anions X–NO2

(X = Cl, Br) on sodium halide salts,54 we reasoned that inert
anions could catalyze (R1) ‘‘on water’’ by a heretofore unknown
mechanism.27
Our expectations were conﬁrmed in experiments showing
that NO3
 generation on water microjets exposed too4 ppmv
NO2(g) markedly increases in the presence of common
electrolytes. Measured NO2 uptake coeﬃcients rise from
gwater E 10
7 on deionized water to gX E 10
3 on 1 mM
NaX (X = F, Cl, Br, I and HSO4
).55,56 It became apparent
that (R1) rates were controlled by the capture of NO2(g) by
interfacial anions. Since (R1) rates depend on interfacial anion
coverages, they should be aﬀected by relative humidity and
the surface-active species normally present in environmental
aqueous media.57–59 Herein, we report the results of experi-
ments on the uptake of NO2(g) on aqueous NaBr microjets
60
doped with diverse surfactants, and analyze the environmental
implications of our results.
Experimental
In these experiments, aqueous microjets exposed to NO2(g)/N2(g)
for 10–20 ms are continuously monitored for nitrate (NO3
,
m/z=62) by online electrospray ionization mass spectrometry
(ESI-MS).60–62 Aqueous solutions of known composition are
injected (at 50 mL min1) as a liquid microjet via an electrically
grounded, pneumatic nozzle (bore diameter: 100 mm) into the
spraying chamber of an ESI mass spectrometer (mass range
m/z Z 50) held at 1 atm, 293 K (Scheme 1). The fast nebulizer
N2 gas shortly tears up the outer layers of the microjet into
microdroplets carrying ion excesses of either sign.63–65 The
kinetic energy delivered in this process not only overcomes
liquid cohesion, but also electrostatic attraction among anions
and cations. Microdroplets are thereby created possessing a
statistical distribution of net charges centered at zero charge,
as expected from the random fragmentation of an electrically
neutral liquid.66 The excess charges carried by such micro-
droplets are necessarily conﬁned to the surface by electro-
statics, are not aﬀected by solvent evaporation or by reaction
with a neutral gas, and constitute the basic magnitude retrieved
as signal intensities by mass spectrometry. Excess ions are
ultimately ejected from the surface of rapidly evaporating
microdroplets to the gas-phase as a result of electrical repulsion
due to charge crowding, selected by an electrically biased inlet
port, mass-analyzed and detected within 1 millisecond.67–69
The NO3
 ESI-MS signal intensities detected in these experi-
ments are therefore proportional to the amounts of NO3

produced in the outermost layers of the microjet upon exposure
to NO2(g),
60 i.e., prior to its breakup into microdroplets.70 We
had veriﬁed that this setup actually behaves as a linear transfer
device, i.e., ESI-MS signals are directly proportional to ion
concentrations (o2 mM) in the interfacial layers of the
microjet.71,72 We have also demonstrated, and reported in
the literature, that the products of gas/liquid reactions
(NO3
 in this case) are formed and remain in the outermost
layers of the liquid microjets for their ulterior detection by
ESI-MS.60 Thus, for example, Me3N(aq) is protonated in water
below pH o pKa(Me3NH+) = 9.8, whereas Me3N(g) can
only be protonated onwater of pHo 4.60 The latter observation:
(1) implies that Me3N(g) is protonated as Me3NH
+(s) at
the water’s edge, (2) precludes prior Me3N incursions into
the bulk liquid, and (3) rules out subsequent Me3NH
+(s)
departures from the interfacial layers before being detected
by ESI-MS. The signiﬁcant and speciﬁc eﬀects of added
surfactants on the ESI-MS signal intensities detected in
various studies performed in this setup represent addi-
tional evidence that the events monitored in these experi-
ments actually take place at the air–water interface.56,70,72–76
NO2 concentrations in the chamber were calculated from
NO2/N2 mixture ﬂow rates as diluted by the N2 drying gas.
Flow rates were regulated by mass ﬂow controllers. Suwannee
River fulvic acid (FA, Standard II, International Humic
Scheme 1 A microjet is created in the spraying chamber of an
electrospray mass spectrometer by injecting aqueous solutions through
a grounded nebulizer. The microjet is brieﬂy exposed to NO2(g)/N2(g)
mixtures, whereupon NO3
 is generated via (R1) on its outermost layers,
before it is broken up by the fast nebulizer gas (atB10 microseconds)
into microdroplets carrying excess negative (including NO3
) or
positive charges. Upon subsequent solvent evaporation, the excess
nitrate ions carried by the negatively charged microdroplets are
ultimately ejected via ﬁeld desorption, selected by an electrically biased
inlet port, and detected by mass spectrometry within 1 millisecond.
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Substances Society), sodium bromide, 1-octanol (Fisher),
tetrabutylammonium bromide (TBA+Br, Sigma-Aldrich),
tetradecyltrimethylammonium bromide (TDTMA+Br,
Sigma-Aldrich) and potassium perﬂuorooctanesulfonate
(PFOSK+, 3M) were used as received. All solutions were
prepared in MilliQ water (18.2 MO cm) from a Millipore
Milli-Q gradient water puriﬁcation system. Solutions pH was
adjusted by adding HCl/NaOH and measured with a calibrated
pH-meter.
Results and discussion
Online negative ion ESI mass spectra (m/z Z 50) of the species
ejected from deionized water microjets exposed to up to 15 ppmv
NO2(g) (3.8  1014 molecules cm3) display signals that are
within noise levels (Fig. 1A and B).55 This observation implies
that (R1) generateso0.1 mM NO3 (o6  1013 ions cm3, the
sensitivity threshold) under such conditions. From the surface
density, S(NO3
), of the NO3
 produced via (R1) in a liquid
layer of thickness d during NO2(g) collisions on deionized water
microjets, eqn (E1):77
S(NO3
) = d[NO3
] = (1/4)gwct[NO2(g)]/2 (E1)
(where dE 5 108 cm, gwater is the NO2(g) uptake coeﬃcient
on water, c = 3.72  104 cm s1 is the mean speed of
NO2 molecules at 300 K, and t 4 10 ms is a lower bound to
NO2(g)/microjets contact time)
60 we estimate gwatero 2 107,
which is in the upper range of previous results for the uptake
of NO2(g) on neat water obtained by several independent
techniques.23,78
Similar experiments on 1 mM NaBr microjets led instead to
signiﬁcant NO3
 production. Fig. 1A and B show the inten-
sities of NO3
 ESI-MS signals (in linear and semilogarithmic
scales, respectively) determined on microjets containing 1 mM
NaBr plus either 300 mg L1 FA, 1 mM PFOSK+, 1%
1-octanol, 1 mM TBA+Br or TDTMA+Br, at pH E 7, as
functions of [NO2(g)]. It is apparent that: (1) the amounts of
NO3
 produced on these solutions are4500 times larger than
on deionized water, (2) NO3
 production increases linearly
with [NO2(g)] below 5 ppmv, (3) ionic surfactants have
signiﬁcant eﬀects, both promoting and inhibiting the catalytic
action of Br on (R1). At [NO2(g)]o 5 ppmv, [N2O4]/[NO2] =
KDIMERIZATION [NO2] = 2.5  1019 cm3 molecule1
[NO2] o 3  105,2 i.e., the contribution of N2O4 to these
processes should be negligible, in accord with the linear
increase of NO3
 signal intensities with [NO2(g)]. These ﬁndings
reconcile the slow NO2(g) dissolution rates measured in pure
water at Brookhaven30,79 vs. the much faster rates determined
at Berkeley on seeded clouds consisting of B3 mM NaCl
droplets.24 The exceedingly low probability of reaction (R1)
on pure water is in accord with MD calculations showing that
the hydrophobic free radical NO2 has strong propensity for
the surface of neutral clusters NO2(H2O)n.
80 We infer that
anions capture the 17-electron p-radical NO2(g) at the
air/water interface via charge transfer into its semi-occupied
molecular orbital,54 rather than by catalyzing NO2(aq)
disproportionation in the bulk phase.
The preceding observations are accounted for by the following
mechanism:
X þNO2ðgÞ !slow ½XNO2 interface ðR5Þ
½XNO2 interface þNO2ðgÞ þH2O
!fast X þHONOþNO3 þHþ ðR6Þ
in which NO2(g) disproportionates in two steps, reactions (R5)
and (R6), through the intermediacy of persistent, interfacial
X–N2
 radical anions. According to this mechanism, the
overall rate of (R1) is controlled by the slow uptake of NO2
via (R5), followed by the rapid uptake of a second NO2(g)
molecule via (R6) with a signiﬁcantly higher probability. The
catalytic role of anions in (R5) and (R6) has been clearly
demonstrated in similar experiments in this setup, in which
the enhanced production of NO3
 in the presence of various
X is not accompanied by X losses except in the case of
X = I, in which it is partially oxidized to I2
.55 NO2(g)
uptake enhancement is therefore an example of general base
catalysis.81
It should be realized that the oxidation of NO2 to NO3

under the strictly anoxic conditions of our experiments
can only occur via NO2 disproportionation (R1). Although
NO2
 (m/z = 46) falls outside the instrumental mass range
Fig. 1 ESI-MS NO3
 (m/z = 62) signal intensities from aqueous
microjets containing: (1) 1 mM TDTMA+Br (diamonds), (2) 1 mM
TBA+Br (diamonds), (3) 1 mM NaBr (up-triangles), (4) 1 mM
NaBr + 1% n-octanol (open up-triangles), (5) 1 mM NaBr +
0.4 mM PFOSK+ (down-triangles), (6) 1 mM NaBr + 300 mg L1
fulvic acid (open down-triangles), (7) deionized H2O (circles), as functions
of [NO2(g)]. All experiments at pH B7.
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(m/z Z 50), it should have been possible to detect it as its
cluster Na(NO2)2
 (m/z = 115), had NO2
 and NO3
 been
present at similar concentrations at the air/water interface.55
The absence of detectable m/z= 115 signals therefore implies
that neutral HONO (pKa = 3.37) is largely released (whereas
HONO2, whose pKa = 1.7 ensures full dissociation to
NO3
 + H+, is not) to the gas phase.
The eﬀect of the various surfactants is also consistent with
an interfacial reaction catalyzed by anions. From the slopes of
the linear plots of Fig. 1A we deduce that NO2(g) uptake on
1 mM Br solutions is about 2.4 times larger for the surfactant
TDTMA+ and TBA+ counterions than for Na+. In contrast,
1 mM FA (a suite of partially dissociated polycarboxylic acids,
pKa’s from 2 to 8)
82 and 0.4 mM PFOS depress NO2(g)
uptake to 0.70 and 0.56 of their values in 1 mM NaBr.
N-octanol, seemingly in line with the opposite eﬀects of
cationics and anionics, has no detectable eﬀect on NO2(g)
uptake. Fig. 2 shows that even in the absence of bromide, FA itself
catalyzes (R1) whereas PFOS and 1-octanol do not. It appears
that anions catalyze (R1) with eﬃciencies that increase with both
increasing anion nucleophilicity and aﬃnity for the air/water
interface. Further elaboration is unwarranted at this time.
The combined eﬀects of diﬀerent anions on NO2(g) uptake
may be additive at very low concentrations, but will compete
for the interface aboveB1 mM. As a result, the much weaker
nucleophile but better surfactant PFOS, by displacing Br at
the interface, eﬀectively acts as an inhibitor. These considera-
tions are supported by the data of Fig. 3, which show NO3

production is an increasing linear function of ESI-MS Br
signals, i.e., of interfacial Br populations.83,84 We conclude
that the preponderantly anionic surfactants found in atmospheric
aerosols58 should play a key role in the conversion of NO2(g)
to HONO+NO3
 via (R1). These observations further imply
that the surfactant TBA+ and TDTMA+ counterions draw
Br closer to the interface, while the anionic FA and PFOS
drag it away toward the bulk liquid. Since the hydrophobic
alkyl chain of 1-octanol has no net eﬀect on bromide-catalyzed
NO3
 production,85,86 we infer that electrostatic, rather than
non-bonding interactions dominate these phenomena.
Amphiphilic molecules spontaneously segregate to the surface,
and may eventually coat it with a monolayer ﬁlm at suﬃciently
high concentrations. Gas–liquid scattering experiments have
shown, however, that such ﬁlms are not compact and may
behave in diverse ways, which depend on molecular size and
speciﬁc interactions. For example, n-hexanol ﬁlms impose a
barrier to the hydrolysis of N2O5(g), but are permeable to
water evaporation and even enhance HCl(g) uptake.86,87 The
fact that n-octanol and TDTMA+ do not inhibit (TDTMA+
enhances) (R1) implies that their protruding alkyl chains do
not hinder the access of the small NO2(g) molecules to the
water’s surface.
Rates of NO2(g) reactive dissolution in clouds and fogs
consisting of aqueous electrolyte droplets can be calculated
from: Rd = kd [NO2(g)], kd = 0.25 gX c (S/V)w, where (S/V)w
is the combined surface of aqueous droplets per volume of
air.33,55 Typical (S/V)w values vary from o2  105 cm1 in
clear weather to 45  105 cm1 during foggy events.3,6,16,18
(S/V)w and total electrolyte concentrations of typical cloud
and fog droplets display, of course, wide variability spanning
the 0.1 to 3 mM range.88 Thus, by adopting a representative
average value for the uptake coeﬃcient of NO2(g) on tropo-
spheric aerosols: gXE 1 104, we estimate kdE 2 105 s1,
i.e.,B7% NO2(g) hourly conversions in clear-day conditions.
These (necessarily) rough estimates are within the range of
most ﬁeld studies on HONO production both in urban and
remote areas. This phenomenon would account for ﬁeld
measurements showing that f-HONO reaches exceedingly large
values (B0.3) on aerosols transported by winds proceeding
from the sea,89 i.e., after they incorporate seawater electrolytes.
It can be shown that under typical conditions the
photochemically-induced conversion of NO2(g) on soot particles
is much slower than (R1).12,41,42,52 Note that their relative
rates should be proportional to [gX (S/V)w]/[gsoot (S/V)soot]. A
recent report gives gsoot E 2  106 for stoichiometric
ﬂame soot exposed to 25 ppbv NO2(g) under solar irradiance
(1.48  1015 photons cm2 s1 between 300 and 420 nm).34
From typical tropospheric airborne soot levels of 20 mg C m3
of air,3 by assuming 1 mm radius particles of B2 g cm3
Fig. 2 ESI-MS nitrate signal intensities as a function of NO2(g)
concentration on aqueous microjets containing: (1) 300 mg L1 fulvic
acid, (2) 0.8 mM PFOSK+, (3) 1% (v/v) 1-octanol.
Fig. 3 ESI-MS nitrate versus bromide signal intensities on aqueous
microjets exposed to 2 ppmv NO2(g) in the presence of (1) 1 mM
TDTMA+Br, (2) 1mM TBA+Br, (3) 1 mM NaBr + 300 mg L1
fulvic acid, (4) 1 mM NaBr + 0.8 mM PFOSK+, (5) 1 mM NaBr.
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density, we estimate (S/V)soot E 3  107 cm1. Thus, gsoot
(S/V)soot E 6  1013 cm1 is about three orders of magni-
tude smaller than gX (S/V)w E 2  109 cm1. Since the
combined uncertainties and/or variations associated with
the above estimates may not likely reverse the inequality
[gX (S/V)w]/[gsoot (S/V)soot]4 1, we infer that (R1) will dominate
the atmospheric conversion of NO2(g) to HONO + NO3
 on
atmospheric particles at all times.
Summing up, we show that: (1) f-HONO= [HONO]/[NO2]
correlates with the product gX  (S/V)w rather than with
(S/V)w alone,
13 (2) gX cannot be assumed to be constant,
20
but will vary with the anion makeup of aerosol droplets. Thus,
gX should depend on the sources and trajectory of air masses,
and vary with relative humidity, i.e., with time of day,9,88,90–93
(3) the hydrolytic disproportionation of NO2(g) on aqueous
aerosol droplets is deemed to be the main mechanism for the
production of tropospheric HONO.
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